The stairwell is the main path for emergency evacuation of people in super high-rise buildings, so revealing the movement characteristics in the stairwell based on experimental data is the basis for controlling the evacuation process of super high-rise buildings to ensure the safety of the crowd. Here, an evacuation experiment is carried out in Shanghai Tower with a vertical height of 583 m, which is the second tallest building in the world. The results show that pedestrians would set a "suitable velocity" for themselves according to the target height distance, and farther distance will result in lower "suitable velocity". The evidence is that the group of participants with a 9.63% higher traveling height spend a 16.39% longer evacuation time, yet within each group the velocity do not decrease with the increase of the moving distance. Furthermore, crowding in stairwell determines whether pedestrians can achieve the "suitable velocity", and the "suitable velocity" of women or older people is smaller than men or younger people in the same scenario. The local velocity and vertical velocity of different groups, genders and ages are classified and analyzed. A new measurement method for crowd density and then the fundamental diagram of the velocity-density relation in super high-rise building is presented. These results can provide basic data for the design of emergency evacuation facilities and formulation of emergency plan for super high-rise buildings.
Introduction
The emergency evacuation process of super high-rise buildings involves large-scale crowds, multiple floors, and multiple evacuation channels, which is a typical complex system. In recent years, researchers have employed various scientific methods to study the evacuation characteristics of super high-rise buildings to explore methods to improve the evacuation efficiency of super high-rise buildings. Studies have shown that longitudinal evacuation will occupy more than 70% of the total emergency evacuation time of super high-rise buildings. Therefore, stairwell evacuation is the most critical part during the process of crowd evacuation in super high-rise buildings [1] .
In response to the evacuation process in the staircase of super high-rise and high-rise buildings, in recent years, researchers had organized various experiments to extract and analyze the crucial parameters and influencing factors of emergency evacuation, including basic parameters that can characterize the evacuation efficiency of super high-rise and high-rise buildings, i.e. speed of walking downstairs [2] [3] [4] [5] [6] , the relation between evacuation speed and crowd density in stairwell [2, 4, 6, 7] , the speed of walking upstairs in the scenario that move towards to the nearest refuge floor above [5, 8, 9] , the difference of evacuation performance in stairwells of pedestrians with different gender, age and weight [9] , the effect of the group phenomenon because of family and friends on crowd flow in stairwells [10, 11] , and the influence of light condition, visibility, and other environmental factors on the evacuation process on stairs [12] .
Regarding the characteristics of the movement on the stairs, the relevant experimental results showed that: 1) compared with horizontal movements, there would be obvious queuing when pedestrians gone downstairs [2, 7, 11] ; 2) when the crowd on each floor met the crowd in the staircase (referred to as the confluence process), the crowd on the floor would dominate [13] , and the confluence would reduce the evacuation efficiency of the crowd in the staircase [6, 11, 14, 15] ; 3) it was easy to form small groups (a group with two to three people) in the stairwell. The speed of the group was often smaller than the speed of a single pedestrian, which would affect the movement speed of other people [10, 11] ; 4) the overall speed in the stairwell was more likely to be affected by individual with lower speed than on the regular floor [2, 11] ; 5) the width of stairs had a great influence on the pedestrian flow rate [11, 14] ; 6) the decrease in visibility had a significant effect on the movement process on the stairs [12] .
For the evacuation process in the stairwell with long-distance stairs of super high-rise buildings, the experimental results revealed that: 1) decreased physical strength might have an impact on the evacuation process. For instance, in the 50-story evacuation experiment [5] , there was no obvious deceleration process when pedestrians moved downward, but there was an obvious deceleration behavior after pedestrians moved upward 20 floors. In the evacuation experiment of a 101-story building [3] , the downward speed of personnel decreased significantly on the last 6 floors; 2) compared with women, men presented an obvious advantage in athletic ability during long-distance evacuation, which was manifested in that the average evacuation speed of men was significantly higher than that of women [5, 9] ; 3) the evacuation speed had a certain correlation with age [9] , but not with weight [5] . With the development of computer simulation technology, modeling and simulating the evacuation process of people in buildings had become an auxiliary method for analyzing evacuation problems. Considering the particularity of the space structure and evacuation path in the staircase, the researchers constructed a variety of staircase evacuation models, including using a finer grid to describe the structure of the staircase, which could accurately describe the evacuation environment of the staircase and the personnel motion restricted by the steps [16] ; introducing the collection rate parameter into the model to study the impact of the horizontal and vertical crowd confluence on the evacuation process of the staircase [17] ; establishing corresponding rules in the model to consider the impact of personnel's physical and psychological conditions [18] and crowd stress [19] on the staircase evacuation process;
setting up a simulated person with limited mobility in the model and considering its impact on the entire staircase evacuation process [20] . These models could simulate the process of pedestrians' rotation and downward movement in the stairwell [16, 18, 20, 21] and the process of confluence [16, 17] , and reproduce the special phenomena of pedestrians waiting in line [19, 20] , preferring the inner path [18] and layering within people flow [21, 22] . The verified evacuation model was used as a tool to analyze the influencing factors on the evacuation efficiency of super high-rise buildings. The related simulation results showed that the crowd confluence process would form a crowded state at the floor platform near the entrance and exit of the staircase, thereby reducing the crowd evacuation speed [16, 21] . In the process of converge, if the entrance of the staircase was on the side of the lower staircase, the crowd movement in the staircase would dominate, and the entrance of the staircase on the side of the upper staircase would facilitate the entrance of the crowd on the staircase [23] . As the number of people on the floor platform increased, the evacuation time showed an approximately linear increase trend [21] . For the overall evacuation scene of super high-rise buildings, increasing the speed of personnel could not reduce the evacuation time without limit [24] . People with limited mobility would seriously reduce the overall evacuation efficiency, so it was necessary to focus on the emergency evacuation process of these people [20] .
Therefore, experiment and modeling methods are currently effective research methods for the evacuation law of super high-rise buildings. Experiments can reveal the basic movement parameters of personnel in the evacuation process of super high-rise buildings, which is the basis to build and validate the evacuation model. The The instructions given to the participants are as follows:
 All participants should walk downstairs to the ground (the relative height is 0) with their preferred speeds.
 The participants in Group 1 from the 126 th story start to move firstly.
 When the foremost of Group 1 arrived at the 117 th story, participants in Group 2 start to move.
 When the foremost of Group 1 or Group 2 arrived at the 100 th story, participants in Group 3 start to move.
Performance
Most of the participants in Group 3 evacuate by elevator in some floors unexpectedly for that they have the access control card to the elevator. 3 participants in Group 1 and 2 in Group 2 quit midway for the reason of fatigue or health problem.
The position of the stairwell changes on the 7 th floor but without clear instruction of the new position, which causes that most of participants are lost in the corridor of 7 th floor for a moment. As a result, only the process of 69 participants (41 in Group 1 and 28 in Group 2, as shown in Table 2 and Fig. 1 .) moving from their initial floor to the 7 th floor (the relative height is 33.45 m) are considered in this study. 
Stair sections
It is difficult to consider the movement characteristics in one stair section after another, for the reason that not all floors are equipped with surveillance camera. For example, there is only one camera installed on the 99 th floor between the 84 th and 105 th floor. Furthermore, each stair section between two adjacent floors may include 2 or 4 flights of stairs. For consistency, this study only focus on total 58 monitored stair sections, including 56 stair sections between two adjacent floors with 2 flights of stairs and 2 long stair sections (S106-99 and S99-93), as shown in Table 3 . The 2 long stair sections are used to ensure that there are data in each 10 floors. Furthermore, S125-7 and S115-7 are used to represent the overall stair sections of the two groups respectively. 
b. Movement distance
The movement distance in each stair section ( ) is calculated as follows:
where is the value of the stair tread (0.25 m), is the value of the stair riser (0.155 m), is the number of steps in each stair section. is the number of turn-back that pedestrians need in each stair section. Depending on the structure of stairwell, pedestrians may turn 180° or 90° most of the time on the landing, and then adds 1 for 180° or 0.5 for 90°. is the distance of a turn-back. For simplicity, we assume that participants would walk along a semicircle or a quarter-circle with a radius of 0.3m on the landings, so = 0.3 = 0.942 m. Besides, is the distance of the non-normal plane that connecting two stair sections in some floors.
The detailed value of , , and are shown in Table 3 . Furthermore, the movement distance in the two overall stair sections are labeled using ∆ 125−7
(1356.76 m) and ∆ 115−7 (1251.94 m) respectively.
c. velocity
The average velocity of each participant walking through each stair section is defined as local velocity (labeled using Si−j ), which can be calculated as follows:
The average velocity of each participant walking through the two overall stair 
where ∆ 125−7 is the height difference between the 125 th and 7 th floor (545.95 m), and ∆ 115−7 is the height difference between the 115 th and 7 th floor (497.95 m)
d. density
The traditional method for the calculation of crowd density is difficult to utilize in the stairwell of super high-rise buildings. The method from the single file movement to calculate density is adopted in this study. According to the Ref. [25, 26] , Fig. 6 . For example, there are two stair sections (S10-9, S8-7, as shown in Table 3 ) below the 10 th floor, and then S10−9 and S8−7 of Group 1 are regarded as one data set. The rightmost blue circle point in Fig. 6a is the average value, and the blue histogram at the bottom right corner of Fig. 6b (which is also right under the circle point in Fig. 6a ) is the distribution of this data set of Group1. The curves in Fig.   6a show the variation tendency of local velocity as participants walk downstairs, and the following observations are made:
Results

Comparison of the two groups
1) The local velocity shows a downward trend before the 100 th floor especially in 2) The local velocity of Group 1 keeps an obvious increasing trend after the 100 th floor especially when walking from 100 th to 50 th floor. As mentioned above, confluence and crowding result in lower velocity, which is not the desired velocity of participants, especially in Group 1. Therefore, once pedestrians in the stairwell present the trend of more and more decentralization as the evacuation experiment goes on, they will speed up to reach their desired velocity.
3) The average local velocity of Group1 in each 10-stories is always lower than Group 2. This may be caused by the reasons that participants in Group 1 need to evacuate from higher position, and there are more women and older people in Group 1 (see Table 2 ). 
Influence of gender
To analyze the difference of escape ability between different genders in super high-rise building, all data of local velocity are classified by genders and groups (Fig.   7 ), and the change of local velocity of different genders as the increase of evacuation distance is presented (Fig. 8 ). The results are as follows:
1) The average velocity of female (0.656  0.141 m/s) is obviously lower than male (0.780  0.229 m/s). Moreover, the velocity in each 10-stories of female is always lower than male, as shown in Fig. 8a .
2) Male velocity of Group 1 is a little lower than Group 2, but female velocity of Group 1 is much lower than Group 2, which indicates that women are more sensitive to the increase of the vertical evacuation distance.
3) As participants walk downstairs after the confluence, male velocity accelerates
significantly and yet there is no obvious increase in female velocity. 
Influence of age
To detect the effect of age on the escape ability in super high-rise building, all data of local velocity are classified by 2 age groups (<30 and ≥30, Fig. 9 ), and the change of local velocity of different age groups as the increase of evacuation distance is presented (Fig. 10 ). The results are as follows: which is in line with the general perception.
2) Under the influence of the confluence, the velocity of both age groups shows a downward trend and then an upward trend as the increase of evacuation distance.
However, the amplitude of decline and rise of younger people is much smaller than older people, which indicates that younger people are less affected by the confluence. 
Relationship between density and velocity
When evacuating through the stairwell, pedestrians from different regular floors will enter the stairwell at the same time, which will result in confluence and crowding.
Although the number of participants is not large, two times of confluence are set on 117 th floor and 100 th floor in this experiment. Previous studies have presented pedestrians' velocity-density relationship in stairwell and indicated that the degree of congestion has a significant effect on the evacuation process [3, 27] . To detect the relationship between density and velocity in the evacuation process of super high-rise buildings, for each participant in each stair section, the data pair of density and local velocity ( Si−j ) are calculated by Eq. (6) and Eq. (2) respectively. As shown in Fig. 11 , local velocity ( Si−j ) and density ( ) basically show a negative correlation, and they satisfy as Eq. (7) . As the density increases, the attenuation rate of local velocity gradually decreases.
Si−j = −0.189 + 0.863 (7) Fig. 11 The relationship between density and local velocity.
Discussion
Determinants of the evacuation velocity in super-high rise buildings
The local velocity (Eq. (2)), overall velocity (Eq. (3)), and overall vertical velocity (Eq. (4)) of different groups, genders and ages are calculated and listed in Table 4 . Furthermore, the correlation analysis between the age, gender, group and the overall velocity 115−7 are conducted, as shown in Table 4 . The results show that the evacuation velocity in super high-rise building is negatively correlated with age and vertical distance, and related with gender. Summarizing the results of this experiment, the relationship between the evacuation velocity and distance, gender, age, and density in super high-rise building is as follows:
1) Distance: On the one hand, pedestrians' local velocity do not decrease with the increase of the moving distance ( Fig. 6a ). On the other hand, when walking through the same distance (for example, the stair section S115-7), the velocity ( 115−7 , see Table 4 ) of Group 1 (of which the total vertical evacuation distance is larger) is significantly lower than that of Group 2. It seems that participants will set a "suitable velocity" for themselves according to the target distance (number of floors) before the evacuation, to ensure that they can evacuation with a relatively stable "suitable velocity" although their physical energy decline during the evacuation process.
Moreover, the farther the target distance is, the lower the value of "suitable velocity" may be.
2) Density: A new measurement method for crowd density in super high-rise
building is presented (Eq. (6)), and Fig. 11 shows that the local velocity tends to decrease as the density increases. Therefore, the density is a key factor in determining whether pedestrians can achieve the "suitable velocity". Specifically, pedestrians couldn't achieve their "suitable velocity" in high density condition, which manifests that the local velocity decreases when meeting confluence or crowding (Fig. 6a ).
Pedestrians will speed up to their "suitable velocity" in low density condition, which manifests that the local velocity increases after the confluence (Fig. 6a) .
3) Gender: Females are significantly slower than males in the evacuation process of super high-rise building, thus female "suitable velocity" is smaller than male in the same scenario. Furthermore, the average velocity of women in Group 1 is 8.71% less than Group 2, but the average velocity of men in Group 2 is only 0.77% less than Group 2, which means that female "suitable velocity" is more sensitive to the change of the target distance. Moreover, as shown in Fig. 8a , the local velocity falls a lot under the influence of the confluence, but only increases a little after the confluence, which seems that female may reduce their "suitable velocity" after a period of lower velocity.
4) Age: Younger participants show better evacuation ability in super high-rise
building, including that younger people evacuate faster than the older people, and younger people are less affected by the confluence. Note: For each participant, actual age is used; male is represented by the number 1, and female is 0; Group 1 is represented by 1, Group 2 is 0.
Comparison with similar experiments
As listed in Table 6 , there are a few experiments on the evacuation of super high-rise building. In comparison to these published experiments, the innovation of this study is as follows:
1) The highest building of which the evacuation experiment and data have been presented is Shanghai World Financial Center (SWFC), where only 6 participants walk down about 470 m. The experiment in this study is carried out in the second tallest building in the world, and the maximal downward distance that 41 participants travel through is 583 m, which will set a new height record on the evacuation experiment and data.
2) In the experiment carried out in SWFC, only the vertical velocity is presented. The vertical velocity is a useful parameter to estimate directly the evacuation time of super high-rise buildings with different heights. However, the difference of stair structures is not considered in the vertical velocity. For example, to separate the stairwell space between two adjacent refuge floors, there are two common methods, one is changing the location of stairwell (adopted in SWFC), and the other is setting firewall and fire door at the refuge floor (adopted in Shanghai Tower). In the building using former method, pedestrians may have to pass through a long plane distance at the refuge floor, which is not considered in the calculation of vertical velocity. In this study, the detailed structure parameters of the stairwell are obtained, thus the travel distance in the stairwell can be calculated, and then the travel velocity (the local velocity in S125-7 and S115-7) in super high-rise building is presented.
3) Furthermore, with the help of cameras located at different floors, the local velocity in many stair sections are extracted in this study. There are total more than 3700 data points of local velocity, through which the velocity of different genders, ages, and moving distances are classified and analyzed, as shown in Table 4 . Moreover, the local velocity in different scenarios can be extracted. For example, as shown in Fig.   6a , the local velocity of Group 1 between the 110 th and 100 th floor (0.672  0.190 m/s), which is the lowest because of confluence and crowding, can be counted as the velocity in crowding scenario. And then the local velocity of Group 1 between the 40 th and 7 th floor (0.763  0.228 m/s) can be considered as the velocity in free moving scenario.
4)
A new method for calculating density in stairwell is presented in this study, and then the relationship between density and velocity in the evacuation process of super high-rise building is given, as shown in Fig. 11 . [28] A residential building in South Korea [29] 50F (150m) 30(male) 0.83 -30(female) 0.74 -SWFC [3] 101F(470m) 6 -0.28 
Shanghai
Conclusions
We carried out an evacuation experiment in Shanghai Tower, a 632 m high building with 126 stories. 3 groups (Group 1, 2, and 3) of participants were arranged on different floors (126 th , 117 th , and 100 th ) at the beginning and asked to walk downstairs to the ground. The evacuation process in 58 stair sections of 69 participants, 41 in Group 1 and 28 in Group 2, were considered in this study. To detect the movement characteristics in the stairwell of super high-rise buildings, the local velocity was defined here to present the average velocity of each participant traveling through each stair section, and a new measurement method for crowd density in super high-rise building was presented.
The results showed that the evacuation performance in the super high-rise building was related with gender, age, density and vertical distance. First, it was found that pedestrians would set a "suitable velocity" for themselves according to the target height distance before the evacuation, to ensure a relatively stable velocity during the evacuation process, and farther target distance would result in lower "suitable velocity". The evidence was that the Group 1 with a 9.63% higher traveling height spend a 16.39% longer evacuation time, yet within Group 1 or Group 2 the velocity did not decrease with the increase of the moving distance. Second, the density was a key factor in determining whether pedestrians could achieve the "suitable velocity".
Specifically, pedestrians couldn't achieve their "suitable velocity" in high density condition, and would speed up to their "suitable velocity" in low density condition.
Third, the "suitable velocity" of women was smaller than men in the same scenario, and female "suitable velocity" was more sensitive to the change of the target height distance. At last, younger participants showed better evacuation ability in super high-rise building, including that younger people evacuated faster than the older people, and younger people were less affected by the confluence.
The biggest height distance in the published experiments on the evacuation of super high-rise buildings was about 470 m. And in most of existing studies, only the vertical velocity was presented. In this experiment, the maximal downward height distance that participants travel through was 583 m, which will set a new height record on the evacuation experiment and data. With the help of cameras located at different floors, more than 3700 data points of the travel velocity in many stair sections were extracted, and then the velocity of different genders, ages, and moving distances were classified and analyzed. Furthermore, the relationship between density and velocity in the evacuation process of super high-rise building was given.
The 
